Both p53 and ceramide have been implicated in the regulation of growth suppression. p53 has been proposed as the "guardian of the genome" and ceramide has been suggested as a "tumor suppressor lipid." Both molecules appear to regulate cell cycle arrest, senescence, and apoptosis. In this study, we investigated the relationship between p53 and ceramide. We found that treatment of Molt-4 cells with low concentrations of actinomycin D or ␥ -irradiation, which activate p53-dependent apoptosis, induces apoptosis only in cells expressing normal levels of p53. In these cells, p53 activation was followed by a dose-and time-dependent increase in endogenous ceramide levels which was not seen in cells lacking functional p53 and treated similarly. Similar results were seen in irradiated L929 cells whereby the p53-deficient clone was significantly more resistant to irradiation and exhibited no ceramide response. However, in p53-independent systems, such as growth suppression induced by TNF-␣ or serum deprivation, ceramide accumulated irrespective of the upregulation of p53, indicating that p53 regulates ceramide accumulation in only a subset of growth-suppressive pathways. Finally, ceramide did not increase p53 levels when used at growth-suppressive concentrations. Also, when cells lacking functional p53, either due to mutation or the expression of the E6 protein of human papilloma virus, were treated with exogenous ceramide, there was equal growth suppression, cell cycle arrest, and apoptosis as compared with cells expressing normal p53. These results indicate that p53 is unlikely to function "downstream" of ceramide. Instead, they suggest that, in situations where p53 performs a critical regulatory role, such as the response to genotoxic stress, it functions "upstream" of ceramide. These studies begin to define a relationship between these two pathways of growth inhibition. ( J. Clin. Invest. 1998. 102: 329-339.)
Introduction
During the past decade the tumor suppressor p53 became one of the most studied molecules in cancer research (1) (2) (3) . A high frequency of mutations of the p53 gene is found in most human cancers (4) , and in those tumors in which p53 itself is not mutated other factors may modulate its function to render it inactive. Examples include the expression of viral oncoproteins such as E6 of human papillomaviruses (HPVs) 1 or overexpression of the human oncoprotein MDM2 (5, 6) . High risk HPVs which are associated with an increased risk of developing cervical cancer express an E6 protein which binds to p53 and induces its degradation via the ubiquitin pathway (7, 8) . Functionally, these cells become p53-deficient. On the other hand, MDM2 appears to participate in a negative feedback pathway activated by p53 (9) (10) (11) (12) .
p53 accumulates in response to genotoxic damage which occurs after exposure to chemotherapeutic agents, gamma irradiation, or ultraviolet irradiation (2, 13, 14) . Additionally, p53 shows a severalfold increase in its transcriptional activity in senescent compared with young cells (15) . When upregulated, p53 appears to produce growth suppression and to participate in DNA repair by serving three essential functions. First, p53 plays an important role in the regulation of the cell cycle where its upregulation results in the arrest of the cell in the G1 phase (13) . Second, p53 upregulation can drive the cell towards apoptosis (16, 17) . Third, p53 appears to be involved in DNA repair (18) (19) (20) . The integrity of these cellular defense functions is crucial for maintenance of an intact genome and, therefore, p53 has been called the "guardian of the genome" (21) .
The mechanisms by which p53 exerts its functions remain poorly understood. p21 (WAF1/Cip1), a p53-inducible gene product, has been suggested as a mediator of some of the effects of p53 (22, 23) . p21 was found to be an inhibitor of G 1 cyclin-dependent protein kinases which phosphorylate the retinoblastoma protein (Rb) and related family members (24) leading to a G 0 /G 1 arrest of the cell cycle (25) . However, p21 was found to have no essential role in transducing the apoptotic effects of p53 as mice lacking p21 develop normally with no defects in apoptosis although they had compromised cell cycle arrest after DNA damage (26, 27) . Additionally, recent studies have shown that p53-dependent apoptosis occurs in the absence of new RNA or protein synthesis and may be mediated, instead, by transcriptional repression (28) (29) (30) . Therefore, factors other than p21 must be involved in transducing the effect of p53 on apoptosis.
The sphingolipid breakdown product, ceramide, has been shown to exert potent growth suppressive effects in a variety of cell types (31) . These effects have been shown to be due to the ability of ceramide to induce differentiation (32) , Rb dephosphorylation with resultant cell cycle arrest in G 0 /G 1 (33, 34) , apoptosis (35) , and senescence (36) . Inducers of ceramide accumulation include TNF-␣ (35, 37), Fas ligation (38, 39) , serum deprivation (33) , and ionizing irradiation (40). After stimulation with one of these inducers, cellular levels of ceramide increase over several hours. Subsequently, cells show morphology typical of apoptosis with internucleosomal DNA fragmentation and cleavage of poly(ADP) ribose polymerase (PARP) to signature apoptotic fragments (41, 42) . Exogenous cell-permeable synthetic ceramides have been shown to reproduce these same effects when added to cells growing in culture. Thus, ceramide has been suggested to be a "tumor suppressor lipid" (43, 44) .
The striking similarities between the biological functions of p53 and ceramide prompted us to examine whether they were mutually dependent. Thus, p53 may act "downstream" of ceramide and may be required for ceramide function, p53 may act "upstream" of ceramide and may be required for ceramide generation, or p53 and ceramide may define independent pathways of growth suppression. In this study we find that the chemotherapeutic agent actinomycin D and ␥ -irradiation cause ceramide accumulation and cell death in a p53-dependent manner. Additionally, we find that ceramide does not upregulate p53 expression and that p53 is not required for ceramide-induced effects. Taken together, these data suggest that p53 functions upstream of ceramide accumulation in p53-dependent pathways. This work begins to define the sequence of events in growth inhibition pathways regulated by p53 and ceramide.
Methods
Cell culture and cell death assays. The human leukemia cell lines HL-60, U937, and Molt-4 and the murine fibroblast cell line L929 were obtained from American Type Culture Collection. The leukemia cell lines were grown in RPMI 1640 supplemented with 10% FBS and buffered with sodium bicarbonate. L929 fibroblasts were grown in Dulbecco's modified essential medium supplemented with 10% FBS and buffered with Hepes.
Molt-4-LXSN, Molt-4-E6, L929-LXSN, and L929-E6 cell lines were derived following a previously described procedure using retrovirally mediated gene transfer (45) . Retroviral constructs were a kind gift from Dr. Denise Galloway (University of Washington, Seattle, WA). Stable transfectants were isolated after 14 d of selection with G418 500 g/ml. Cells were maintained in media supplemented with G418. Experiments were done in the absence of G418. Doubling times for the Molt-4 and L929 cell lines were 18-20 and 20-22 h, respectively.
Cell death was assayed by uptake of trypan blue for leukemia cells and crystal violet staining for L929 cell lines. For crystal violet staining, cells were washed with PBS, stained with 0.5% crystal violet for 10 min, washed twice with water and once with 33% acetic acid. Samples were read at 600 nm.
Apoptosis was verified using flow cytometry or assaying for cleavage of PARP on Western blotting using a rabbit polyclonal antiserum (41, 46) as described below.
Ceramide synthesis and metabolism. D -erythro-C 6 -Ceramide (C 6 -ceramide) synthesis and its metabolism in target cells have been described (34, 47, 48) .
Western blotting for p53 and Rb. Western blotting was done as described (34) . Briefly, cell lysates were prepared from 2 ϫ 10 6 cells using the following buffer: 1% SDS, 5% (vol/vol) glycerol, 1.5% (vol/ vol) 2-mercaptoethanol, 20 mM Tris, pH 7.4. The lysates were boiled for 10 min or to solubilization, and aliquots were removed for determination of protein concentration (BioRad assay). Equal amounts of total protein (100-150 g) were run on a 10% SDS gel and then transferred to nitrocellulose paper. Equivalent loading was checked by Ponceau S staining of the blot. Molt-4 lysates were probed with anti-human wild-type p53 antibody (Upstate Biotechnology Inc. or Ab6 from Oncogene Science), whereas L929 cell lysates were probed with PAb 122 which recognizes both human and murine p53 (PharMingen).
Cell cycle studies. Flow cytometry was performed on 2 ϫ 10 6
Molt-4 cells. Cells were harvested by centrifugation, washed, and then resuspended in 1 ml PBS. Cells were fixed in 80% ethanol at Ϫ 20 Њ C. On the day of analysis, cells were stained with propidium iodide (100 g/ml) in the presence of RNase (20 g/ml) and flow cytometry was performed using a FACStarplus ® flow cytometer (Becton Dickinson). Apoptotic cells contained Ͻ 2 N DNA.
Ceramide measurement. Lipids were collected according to the method of Bligh and Dyer (49) . Ceramide was measured with a modified diacylglycerol (DAG) kinase assay (32, 50) using external ceramide standards as described (34) . Briefly, 80% of the lipid sample was dried under N 2 . The dried lipid was solubilized in 20 l of an octyl-␤ -D -glucoside/dioleoyl phosphatidylglycerol micellar solution (7.5% octyl-␤ -D -glucoside, 25 mM dioleoyl phosphatidylglycerol) by several cycles of sonication in a bath sonicator followed by resting at room temperature for 15-20 min. The reaction buffer was prepared as a 2 ϫ solution, containing 100 mM imidazole HCl, pH 6.6, 100 mM LiCl, 25 mM MgCl 2 , 2 mM EGTA. To the lipid micelles, 50 l of 2 ϫ reaction buffer was added, 0.2 l of 1 M dithiothreitol, 5 g of diglycerol kinase membranes, and dilution buffer (10 mM imidazole, pH 6.6, 1 mM diethylenetriaminepentaacetic acid, pH 7) to a final volume of 90 l. The reaction was started by adding 10 l 2.5 mM [ ␥ -32 P]ATP solution (sp act of 75,000-200,000 cpm/nmol). The reaction was allowed to proceed at 25 Њ C for 30 min. Bligh and Dyer lipid extraction was done and a 1.5-ml aliquot of the organic phase was dried under N 2 . Lipids were then resuspended in a volume of 100 l methanol/chloroform (1:20, vol/vol) and 20 l was spotted on a 20-cm silica gel thin layer chromatography plate. Plates were developed with chloroform/acetone/methanol/acetic acid/H 2 O (50:20:15:10:5), air dried, and subjected to autoradiography. The radioactive spots corresponding to phosphatidic acid and ceramide-phosphate, the phosphorylated products of DAG and ceramide, respectively, were identified by comparison to known standards. Spots were scraped into a scintillation vial containing 4 ml of scintillation fluid and counted on a scintillation counter. Linear curves of phosphorylation were produced over a concentration range of 0-640 pM of external standards (dioleoyl glycerol and CIII ceramide; Sigma Chemical Co.). DAG and ceramide levels were always normalized to lipid phosphate, which was measured according to the method of Rouser et al. (51) . It is important to note that under these conditions, there was total conversion of ceramide and DAG to their phosphorylated products, and there was no change in the specific activity of the DAG kinase enzyme.
Unless indicated otherwise, all data shown are representative of at least three independent experiments with nearly identical results.
Results

p53-dependent apoptosis of Molt-4 leukemia cells.
To examine the relationship of p53 upregulation and ceramide accumulation we decided to establish a p53-dependent system. We used actinomycin D, a DNA-intercalating antibiotic and topoisomerase modulator, which is used in the treatment of many cancers including leukemia (52) . Since the ability of many chemotherapeutic agents to induce apoptosis is p53 dependent (reference 53, and references therein), we examined the effects of actinomycin D on p53 upregulation and apoptosis in Molt-4 leukemia cells.
Molt-4 cells in the log phase of their growth were treated with actinomycin D for increasing durations. As shown previously in ML-1 leukemia cells (54), treatment of Molt-4 cells with actinomycin D at a concentration of 3 ng/ml resulted in a significant increase in p53 levels. This upregulation was maximal by 12 h and was sustained up to 36 h ( Fig. 1) . At a higher concentration of 10 ng/ml, maximal upregulation of p53 was achieved as early as 8 h after treatment (Fig. 1) . Similarly, higher concentrations of actinomycin D resulted in a more rapid increase in p53 levels which was also sustained up to 36 h (data not shown).
Inactivation of p53 can be accomplished by the expression of the HPV protein, E6, which binds p53 and induces its proteolytic degradation through the ubiquitin pathway (7, 8) . Using a retroviral vector (45), E6 from HPV type 16 was expressed in Molt-4 cells (Molt-4-E6). Expression of E6 abrogated the upregulation of p53 after treatment with actinomycin D in Molt-4-E6 cells compared with the vector Molt-4-LXSN cells (Fig. 1) . To correlate the effects of actinomycin D on p53 upregulation with its effects on apoptosis, Molt-4 cells expressing E6 were treated with increasing concentrations of actinomycin D and were compared with vector cells treated similarly. The increase in p53 levels was associated with significant cell death in vector Molt-4-LXSN cells in a dose-dependent manner. In contrast, cells expressing the E6 protein, which results in the loss of detectable p53 upregulation, were quite resistant to the cytotoxic effects of actinomycin D (Fig. 2 A ) .
To verify that cell death was occurring through the induction of apoptosis, we assayed for cleavage of the death substrate PARP after actinomycin D treatment (46) . A hallmark of apoptosis is the activation of members of the IL-1 ␤ converting enzyme family of proteases, now referred to as caspases (55) , which results in the specific cleavage of PARP from its native 116-kD form to an 89-kD apoptotic fragment (56) (57) (58) (59) . Actinomycin D treatment of Molt-4 cells resulted in the specific apoptotic cleavage of PARP in the vector but not in the E6-expressing cells (Fig. 2 B ) . Therefore, the inhibition of p53 by E6 protects these cells from the apoptotic effects of actinomycin D, indicating that p53 is required for the induction of apoptosis by actinomycin D at the concentrations used.
Actinomycin D induces p53-dependent ceramide accumulation. Although the effects of several chemotherapeutic agents on ceramide accumulation have been described (60) (61) (62) (63) , the effects of actinomycin D on ceramide have not been reported previously. We examined the effects of actinomycin D treatment on the endogenous levels of ceramide in Molt-4 lymphocytic leukemia cells. Treatment of Molt-4 cells with actinomycin D (10 ng/ml) resulted in a time-dependent accumulation of ceramide first observed at 12 h after treatment (Fig. 3 A , left ) . (45) were used. Cells growing in log phase in RPMI medium supplemented with 10% FBS and seeded at an initial concentration of 5 ϫ 10 5 were treated with 3 or 10 ng/ml of actinomycin D for the indicated times. 2 ϫ 10 6 cells were harvested at each time point and p53 expression was assayed by Western blotting as described in Methods. Under those conditions, there was no change in DAG levels ( Fig. 3 A , right ) indicating that the increases in ceramide are not due to a change in the specific activity of DAG kinase used in the ceramide assay as suggested recently (64) . Upregulation of p53, which is maximal by 8 h at this concentration of actinomycin D (Fig. 1) , preceded the increase in ceramide levels in the vector cells. This accumulation of ceramide was also dose dependent ( Fig. 3 B ) when evaluated 18 h after treatment. In the Molt-4-E6 cells, the E6-mediated inhibition of p53 upregulation after treatment with similar concentrations of actinomycin D resulted in the absence of subsequent ceramide accumulation. These results suggest that an increase in p53 levels is necessary for ceramide accumulation to occur in response to actinomycin D at these concentrations.
␥ -Irradiation causes p53-dependent cell death and ceramide accumulation. To examine whether our findings were peculiar to actinomycin D, we examined the effects of ionizing irradiation-induced DNA damage in Molt-4 cells. Upregulation of wild-type p53 has been shown to be essential for irradiationinduced apoptosis (65) . Molt-4-LXSN and Molt-4-E6 cells were irradiated at a dose of 5 Gy. Cell death was measured 6 and 24 h after irradiation using trypan blue uptake. As is shown in Fig. 4 A , Molt-4-LXSN cells were quite sensitive to irradiation, sustaining Ͼ 45% death at 24 h. In contrast, Molt-4-E6 cells were significantly radioresistant with only a minimal fraction of cells dying after irradiation when compared with unirradiated controls. Measurement of intracellular ceramide levels under the same conditions revealed a 10-fold increase in Molt-4-LXSN cells by 24 h with no significant change in Molt-4-E6 cells (Fig.  4 B ) . These studies suggest that genotoxic insults which function through p53 such as ␥ -irradiation or actinomycin D therapy induce ceramide accumulation in a p53-dependent manner.
We next developed another pair of cell lines from expression of the E6 HPV protein in L929 murine fibrosarcoma cells using the same retroviral vector (45) . L929-LXSN cells infected with the vector retrovirus have growth characteristics identical to the wild-type L929 cells and contain wild-type p53 which is upregulated upon treatment with TNF-␣ , actinomycin D, or ␥ -irradiation (data not shown). L929-E6 cells infected with the retroviral construct containing the E6 gene of HPV type 16 lack functional p53 and its levels do not increase in response to the same stimuli. We exposed these two cell lines to ionizing radiation and compared their subsequent growth. As is shown in Fig. 4 C , L929-E6 cells were significantly more resistant to ionizing radiation delivered at two doses, 10 Gy or 40 Gy, compared with L929-LXSN cells, which confirms previous findings indicating an important role for p53 in mediating the growth-suppressive effects of ionizing radiation (65, 66) . We then measured intracellular ceramide levels after irradiation in the two cell lines. Ceramide levels were significantly elevated at 6 h after irradiation with 40 Gy in the L929-LXSN cells, which contain p53, but not in the L929-E6 cells, which lack p53 (Fig. 4 D ) . Levels returned to baseline by 24 h after irradiation. These results confirm our findings with Molt-4 cells and indicate that functional p53 is required for intracellular ceramide accumulation in p53-dependent pathways.
Evaluation of p53 as a downstream target for ceramide. Although the above data suggested that p53 functions upstream of ceramide, other possibilities had to be ruled out. First, the effects seen could be secondary to direct modulation of the ceramide pathway by E6 independent of its effects on p53. Second, although the kinetics of p53 upregulation and ceramide accumulation suggest that p53 levels increase first, small increases in endogenous ceramide levels, which may not be detectable by the available ceramide assays, could precede the upregulation of p53 or modulate its activity.
These possibilities led us to examine whether ceramide functioned upstream of p53 by evaluating the ability of ceramide to upregulate p53 and whether p53 was necessary for the growth-inhibiting functions of ceramide. Molt-4 cells were treated with C 6 -ceramide, a cell-permeable analogue of natural ceramides, at a concentration of 10 M for 22 h. As described previously (33, 34) , flow cytometric analysis of propidium iodide-stained cells showed the induction of specific cell cycle arrest in the G 0 /G 1 phase as well as apoptosis in response to ceramide (Fig. 5 A ) . The upregulation of p53 under these conditions was evaluated by Western blotting. Treatment of Molt-4 cells with C 6 -ceramide at concentrations between 5 and 20 M for 24 h did not alter p53 levels when compared with untreated cells (Fig. 5 B ) . Similar results were seen when treatment was for 4 h (data not shown). In contrast, p53 was strongly upregulated under identical conditions with actinomycin D (Fig. 5 B) . Therefore, these results show that, at biologically effective concentrations, ceramide is unable to upregulate p53.
Although p53 levels were not increased by ceramide, baseline expression of p53 could still be necessary for ceramideinduced growth suppression. To examine this possibility, we evaluated the effects of ceramide on the growth of Molt-4-E6 cells compared with the vector Molt-4-LXSN cells. Increasing concentrations of ceramide resulted in equal growth suppression of both cell lines and was not dependent on the presence of functional p53 (Fig. 6 A) .
Next, and in order to evaluate specifically whether the effects of ceramide on apoptosis or cell cycle arrest were p53 dependent, we analyzed the flow cytometric profiles of the Molt-4-E6 cell line compared with vector cells after ceramide treatment. As shown in Fig. 6 , B and C, neither ceramideinduced apoptosis nor cell cycle arrest was dependent on the expression of functional p53.
The ability of both ceramide (34) and p53 (67, 68) to induce cell cycle arrest appears to be mediated through their ability to induce or maintain Rb in its hypophosphorylated, i.e., active, state which predominates in the G 0 /G 1 phase of the cell cycle (25) . Therefore, it was important to examine whether the effects of ceramide on Rb were dependent on p53. We examined the effects of ceramide treatment on Rb dephosphorylation in Molt-4-E6 cells compared with the vector cell line. As shown in Fig. 6 D, treatment of these cells with C 6 -ceramide resulted in equivalent dephosphorylation of Rb, represented by the faster migrating bands on SDS-PAGE, irrespective of p53 status. Therefore, these experiments strongly suggest that p53 is not a downstream target of ceramide and is not necessary for the growth suppressive actions of ceramide.
To confirm these results using different cell lines, several lymphocytic tumor cell lines, which differ in their p53 status, were evaluated. As shown in Fig. 7 A, HL-60 and U937 cells lack wild-type p53, whereas Molt-4 cells express normal levels of p53 which can be upregulated after treatment with actinomycin D. Treatment of the three cell lines with increasing concentrations of C 6 -ceramide resulted in comparable inhibition of cell growth (Fig. 7 B) . These findings clearly negate the possibility that p53 is required for ceramide-induced growth suppression and show that our findings in the Molt-4 cells are applicable to other leukemic cell lines.
p53-independent ceramide accumulation. The finding of p53-dependent accumulation of ceramide in response to genotoxic damage induced by actinomycin D or ␥-irradiation led us to examine whether p53 regulates ceramide accumulation in other systems where ceramide has been proposed as a central regulator of growth arrest and apoptosis. We first examined whether p53 was required for ceramide generation by TNF-␣. Treatment of L929 cells with TNF-␣ results in ceramide accumulation followed by cell death (69) . We evaluated the upregulation of p53 in L929 cells and found that after TNF-␣ treatment p53 levels increase (Fig. 8 A) . As expected, TNF-␣-induced p53 upregulation was inhibited in L929-E6 cells (Fig. 8  A) . Importantly, expression of E6 did not interfere with ceramide generation (Fig. 8 B, left) . Indeed, ceramide accumulation occurred earlier in the E6-expressing, p53-deficient L929 cells. These results show that the ceramide response to TNF-␣ does not require functional p53. (Under these conditions, TNF-␣ did not cause significant changes in DAG levels using the same lipid samples [ Fig. 8 B, right] .) Furthermore, the ability of TNF-␣ to induce growth suppression was not dependent on the status of p53 (Fig. 8 C) . Taken together, we can conclude that, in the case of TNF-␣, p53 is not required for ceramide generation, the response of cells to ceramide, or the response of cells to TNF-␣. Therefore, the major growth suppressor pathway launched by TNF-␣ is independent of p53.
Another ceramide-driven process occurs in serum deprivation where Molt-4 cells accumulate massive amounts of ceramide followed by cell cycle arrest and apoptosis (33) . To determine whether p53 plays any role in this system, we serum-deprived Molt-4-LXSN and Molt-4-E6 cells for 4 d. We found that the rate and degree of ceramide accumulation were equal in both cell lines (Fig. 8 D) . Additionally, abrogation of p53 function in the Molt-4-E6 cells did not provide a survival advantage after serum deprivation (Fig. 8 E) . In this model, the ceramide pathway also appears to be independent of the status of p53. Thus, in p53-independent systems, ceramide accumulation occurs irrespective of p53 induction, indicating that other pathways of ceramide generation must exist which bypass p53.
Discussion
Ceramide has been proposed as a mediator of apoptosis and as a coordinator of the cellular responses to stress (70) . Ceramide accumulation has been observed in response to a variety of stressful stimuli including ␥-irradiation, ultraviolet light, and the chemotherapeutic agents ara C, vincristine, and daunorubicin which also upregulate p53 and cause apoptosis, cell cycle arrest, or both (40, [60] [61] [62] [63] . The accumulation of ceramide is not a terminal event associated with dying cells. Previous studies have shown clearly that ceramide accumulates to significant intracellular levels in viable cells overexpressing Bcl-2 (42, 61, 71). Furthermore, Bcl-2 can protect cells from apoptosis induced by exogenous synthetic ceramides (61, 71, 72) , suggesting that ceramide accumulation occurs at a point upstream of the target for Bcl-2 action.
The ability of ceramide to induce apoptosis occurs by a mechanism that can be distinguished from the effects of ceramide on cell cycle progression. In this respect, cells that overexpress Bcl-2 or in which protein kinase C is activated become resistant to ceramide-induced PARP cleavage and subsequent apoptosis but can still undergo ceramide-induced Rb dephosphorylation and cell cycle arrest (33, 35, 61, 73) . Therefore, these, and possibly other, cellular factors may determine the outcome after ceramide accumulation. These distinct effects of ceramide support a role for ceramide as a downstream "sensor" of systemic or cellular stress and damage. The response of cells to the accumulated ceramide is determined by the action of other modulators or downstream regulators such as Rb, Bcl-2, and protein kinase C.
A similar role has been attributed to p53 in response to stressful conditions, particularly those associated with genotoxic damage, including ␥-irradiation, ultraviolet light, and chemotherapeutic agents, including actinomycin D (54) which have been shown to increase p53 levels and to require p53 for their cellular responses (54) . However, the downstream effectors of p53 activation remain unknown. The cyclin-dependent kinase inhibitor p21 was proposed to be a mediator of p53 function (23) . However, mice lacking p21 developed normally and, unlike mice lacking p53, were not susceptible to early tumorigenesis (27) . These findings, along with the lack of p21 mutations in human tumors (74) suggested that other mediators might be involved. Our current study shows that ceramide functions downstream of p53 in response to low concentrations of actinomycin D and ␥-irradiation. Inhibition of p53 upregulation is sufficient to prevent ceramide accumulation in this setting. One explanation for our findings is that p53 may regulate ceramide generation or removal. Therefore, in p53-dependent pathways, an increase in p53 levels results in the accumulation of endogenous ceramide by mechanisms, direct or indirect, which remain to be determined. Moreover, our studies strongly indicate that p53 is not a downstream mediator of the growth-suppressive effects of ceramide since it was not upregulated by exogenous ceramide and it was not necessary for ceramide-induced apoptosis or cell cycle arrest.
p53-independent pathways of apoptosis have been well described. For example, apoptosis seen in mitogenically activated T lymphocytes from p53 knockout mice occurs in response to DNA damaging agents (75) . Bcl-2 overexpression prevented irradiation-induced apoptosis in these cells but did not alter cell cycle arrest. This is analogous to the effects of Bcl-2 on ceramide-treated cells (61) and suggests that ceramide may be involved in this p53-independent pathway. Therefore, an alternative explanation for our findings is that p53 and ceramide represent two pathways of stress response which get sequentially activated under certain conditions with ceramide accumulation being a common feature of both pathways. Thus, ceramide accumulates in a p53-dependent manner in p53-regulated pathways such as those launched after genotoxic damage. In cells lacking functional p53 or in p53-independent pathways, such as TNF-␣-induced apoptosis, ceramide accumulation is the predominant form of cellular response to stress or injury. This hypothesis implies that p53 may be more tightly coupled to genotoxic damage whereas ceramide may be a more general biostat for injury or stress which can be regulated by p53-dependent or -independent signals. The biochemical pathways involved in ceramide accumulation, which have been reviewed recently (76) , are likely to be different in these two pathways.
Recently, acid sphingomyelinase (ASmase) was suggested as an important mediator of the apoptotic effects of ionizing irradiation (77). This conclusion was based on the resistance of some tissues, particularly lung endothelial cells, of ASmaseknockout mice to the apoptotic effects of ionizing irradiation. In comparison, apoptosis after irradiation of p53-knockout mice was only inhibited in the thymus, whereas normal apoptosis was observed in the lungs (77) . These findings were interpreted to indicate that the ASmase and p53 pathways are unrelated. On the other hand, our results show that, in our model systems, radiation-induced ceramide accumulation is p53 dependent. These conclusions are not entirely inconsistent with each other. Although direct comparison with our results cannot be performed, conclusions from the ASmase knockout mice apply specifically to ASmase and not to other sources of ceramide generation. Indeed, the same group had implicated neutral sphingomyelinase in mediating the effects of ionizing irradiation on ceramide formation in a prior report (40). These different results may indicate either tissue specificity of activation of sphingomyelinases or differential activation of the two sphingomyelinases in response to irradiation. For example, the neutral sphingomyelinase may be responsible for the major peaks of ceramide accumulation in response to irradiation. Along those lines, it is interesting to note that the levels of ceramide that were observed in the ASmase-dependent system (No. 5143) were quite small (10-20% over baseline) and occurred at very early time points compared with our results which showed up to 1000% change in ceramide levels developing over hours. In the context of our hypothesis, the tissue specificity of the response to irradiation which was observed in the knockout mice may reflect dependence on p53, e.g., in the thymus, or the lack of it, e.g., in the lung. The absence of p53 does not abrogate the ceramide response in the lung since it is activated in a p53-independent manner. Indeed, our results in Molt-4 T cells may more closely approximate apoptosis in the thymus than in endothelial cells (in which ASmase, but not p53, has been implicated in regulating radiation-induced apoptosis). Obviously, further studies are required to pursue the mechanisms by which p53 regulates the ceramide response.
In conclusion, the ceramide pathway appears to function downstream of p53, which suggests that p53 may regulate the ceramide pathway. These results also raise the possibility that ceramide may be a downstream mediator of p53 function. Further studies are needed to explore this hypothesis and to determine what specific effects of p53 are mediated by ceramide.
